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Abstract: Attempts to design peptide-based fibers from first principles test our understanding of protein
folding and assembly, and potentially provide routes to new biomaterials. Several groups have presented
such designs based on a-helical and $-strand building blocks. A key issue is this area now is engineering
and controlling fiber morphology and related properties. Previously, we have reported the design and
characterization of a self-assembling peptide fiber (SAF) system based on a-helical coiled-coil building
blocks. With preceding designs, the SAFs are thickened, highly ordered structures in which many coiled
coils are tightly bundled. As a result, the fibers behave as rigid rods. Here we report successful attempts
to design new fibers that are thinner and more flexible by further programming at the amino-acid sequence
level. This was done by introducing extended, or “smeared”, electrostatic networks of arginine and glutamate
residues to the surfaces of the coiled-coil building blocks. Furthermore, using arginine—rather than lysine—in
these networks plays a major role in the fiber assembly, presumably by facilitating multidentate intra and

intercoiled-coil salt bridges.

Introduction

The de novo design of bioinspired fibrous materials is
challenging, but has potential applications in nanobiotechnology,
which range from ordered arrays for nanoelectronics to three-
dimensional (3D) scaffolds for tissue engineering.'™ Indeed,
considerable effort has been made to develop new self-
assembling systems based on nucleic acids, peptides, and
proteins.' Through this work, impressive arrays of discrete
nanoscale objects and nano-to-mesoscale biomaterials have been
constructed. However, and particularly for peptide- and protein-
based materials, programming and controlling the morphology
(shape, size, and related physical properties) of such materials
has proven difficult.

Regarding peptide-based fibrous assemblies, = many of these
are based on S-structured peptide assemblies, or amyloid-like
structures,'>® and will not be discussed in detail in this paper.
The a-helix has also proven to be a valuable building block, or
tecton,” for constructing fibrous biomaterials de novo, and this
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has spawned a rapidly growing subfield;*'* this area has been
reviewed recently.® The leucine-zipper motif, which is a specific
type of dimeric a-helical coiled coil, has been particularly
exploited in this area. Leucine zippers (LZs) make ideal tectons
for nanoscale assemblies and nanostructured biomaterials for
several reasons: LZs are among the most straightforward and
best-understood peptide—peptide interaction motifs;'> as a result,
reliable rules for LZ design and assembly are available;'® LZs
are small motifs (~30 amino acids long) that are synthetically
accessible; when folded, LZs have the approximate dimensions
of 4 nm x 2 nm cylinders; and finally, building with LZs is
scalable, that is, tandem LZ repeats (which can be noncovalently
assembled or covalently linked) can be used to generate
structures that span the nanometer or micrometer regimes, but
still reflect the underlying nanoscale tectons.”'®!”
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Figure 1. Transmission electron micrographs of standard SAFs (A and
B), the SAF-SC-4 (C and D) and SAF-SC-3 (E and F) fibers, stained with
1% uranyl acetate. (A, C, and E): low-magnification images (scale bars: 1
um); (B, D, and F): high-magnification images (scale bar: 50 nm).

Previously, we have reported the design, assembly, and
experimental characterization of a new class of fibrous bioma-
terials based on LZ peptides 28-residues long.’ In this so-called
self-assembling fiber (SAF) system, two complementary LZ
peptides are designed to coassemble to form sticky-ended dimers
which, in turn, are engineered to foster end-to-end assembly
into long, noncovalently linked o-helical coiled-coil fibrils. In
practice, and through some as yet undetermined mechanism,
these fibrils bundle to form stiff, thickened fibers (Figure 1A
and B). The final dimensions of these matured fibers are ~40
nm thick and 1-15 um long. The fibers behave as stiff rods
that do not bend over their entire lengths; therefore, their
persistence lengths must be greater than the experimentally
observed lengths, that is, >15 um.'®

Over the past five years, we have reported redesigned and
engineered SAF systems with improved stability,'* of altered
fiber morphology and general properties,'®'** and with ap-
pended functions.'®** Most significantly for the work presented
here, however, we have described the subtle redesign of the
first-generation SAFs,’ to give more stable and better ordered
second-generation SAFs. The redesign process rests on the
simple assumption that the outer surfaces of the coiled-coil fibrils
interact somehow to give thickening, with the focus on potential
charge—charge interactions. Specifically, discrete, complemen-
tary charge clusters are introduced to the surfaces of the
interacting coiled coils—namely, a pair of negatively charged
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aspartates on one peptide, to complement an identically spaced
pair of positively charged arginine side chains on the other.?°
This promotes further thickening (to give ~70 nm fibers), and
improves assembly and thermal stability. Interestingly, matured
second-generation fibers also display considerable internal order,
observed as sharp patterns by X-ray fiber diffraction, and regular
striations on the outer surfaces in TEM (Figure 1B).?* Moreover,
the striation pattern precisely matches the ~4.2 nm length
expected for the folded LZ tectons. These recent data indicate
that the introduced interfibril charge—charge interactions are
acting as designed to specify fibril—fibril interactions.?*

These particular properties distinguish the SAFs from some
of the other coiled-coil-based peptide—fiber systems, which
show thickening, but with little or no apparent internal organiza-
tion and ultrastructure;>'"'*?32% similar ripening behavior has
also been observed for recently engineered self-assembled
collagens.?”%°

Our successes in the design and redesign of the SAF system
and the useful, albeit serendipitous, discovery of fiber thickening
encouraged us to probe thickening further. As described herein,
we have attempted to create thinner and more flexible peptide
fibers. We show that this can be done by further programming
charge—charge interactions on the surfaces of the underlying
coiled-coil units. Specifically, the surfaces were supercharged
to make them highly hydrophilic with smeared, rather than
discrete, charged patches. As a result fibers can be thinned down
to ~10 nm and made much more flexible such that they wrap
around one another to form loose, but nongelling, networks.
The redesigns come at a price, however, as some fiber stability
and the internal order appear to have been lost.

Tonic- and polyelectrolyte-based self-assemblies are well
established in the preparation of both hard and soft multicom-
ponent, nanostructured materials. Indeed, the depth and breadth
of these fields preclude a detailed survey here. Instead, we refer
the reader to excellent reviews by others.**>* In short, the
approaches taken employ simplexes, layer-by-layer deposition,
the self- and coassembly of block copolymers, and polyelec-
trolyte—amphiphile interactions. By and large, these center on
combining molecules of opposite charge, i.e., either all anionic
or all cationic. The approach outlined herein, although it adds
to this effort in some respects, is distinct in that we have
rationally designed folded peptide structures that present faces
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Table 1. SAF-SuperCharged Peptide Sequences

Peptide Sequence and coiled-coil register

gabcdef gabcdef gabcdef gabcdef
C3A ETRRLEE EIRRLEE ENRRLEY
C3B RNEELRY RIEELRR RIEELRR
C4A EIRRLEE EIRRLEE EIRRLEE ENRRLEY
C4B RIEELRR RNEELRY RIEELRR RIEELRR
C3AK EIKKLEE EIKKLEE ENKKLEY
C3BK KNEELKY KIEELKK KIEELKK
C4AK EIKKLEE EIKKLEE EIKKLEE ENKKLEY
C4BK KIEELKK KNEELKY KIEELKK KIEELKK

that incorporate both anionic and cationic charges to alter the
higher-order assembly of the peptide blocks.

Results and Discussion

Peptide Design. The SAF-SuperCharged (SAF-pSC) peptides
described herein (see Table 1 for peptide sequences) follow
sticky-end design principles similar to those reported elsewhere
(Figure 2).° Briefly, the self-assembly fiber (SAF) peptides are
based on the heptad repeat associated with coiled-coil protein
sequences. This is often denoted abcdefg with hydrophobic
residues at the @ and d sites, which form the hydrophobic core
of the coiled-coil helical bundle. Good design rules are now
available for coiled-coil structures.'® For example, the combina-
tion of isoleucine at @ and leucine at d best specifies dimeric
leucine zippers (LZs). The helical interface can be cemented
further with interhelical (intracoiled coil) charge—charge interac-
tions between successive g and e sites. Together these rules
give the general framework of +IxxL-x (in a gabcdef register)
for a LZ sequence; where x is usually made a polar residue or
alanine. Tandem repeats of 3-5 such heptads tend to associate
to give stably folded structures. Further specificity can be
achieved, although at the expense of some stability, by
incorporating hydrogen-bond-forming pairs of asparagine sides
at a sites in the hydrophobic core. A combination of such
asparagine residues at offset a sites, and complementary
interhelical charges was used to achieve the sticky-ended
heterodimer designed to propagate the SAFS.

In addition to the above considerations, two other design
principles were incorporated into the new SAF-pSC peptides:
first, after the heterodimeric Velcro system reported by O’Shea
and Kim,* complementary, interhelical (intracoiled coil) charge—
charge interactions were introduced by making all of the e and
g positions of one peptide basic, and those of the other, acidic
(Figure 2). Thus, for the basic SAF-pSC peptides, C3B and C4B,
arginine was placed at every e and g position; while their acidic
partners, C3A and C4A, had glutamate at all these sites. Second,
to make the resulting coiled coils as soluble as possible, and
introduce controllable aggregation, charged residues were placed
at the b, ¢ and f positions of the coiled-coil repeat, i.e., on the
outmost surfaces of the coiled coils. To avoid intrahelical
repulsions, we introduced these to allow interconnected networks
of intrahelical salt bridges by maximizing the i to i+3 and i to

(35) O’Shea, E. K.; Lumb, K. J.; Kim, P. S. Curr. Biol. 1993, 3, 658-667.
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Figure 2. Design principles for the SAF-pSC peptides. Helical-wheel
representation of the heptad repeats for the A- and B-series peptides.
Potential salt bridges are shown: interhelical (solid arrows); intrahelical
(dashed arrows); intercoiled coil (dotted arrows).

i+4 juxtapositions of oppositely charged side chains (Figure
2). This follows the work of Burkhard and colleagues who
present a 2-heptad-long oligomerizing coiled-coil-like peptide
bearing similar networks of intra- and intermolecular salt
bridges.**** Finally, two parent, two-peptide systems were
designed, SAF-SuperCharged3 (C3) and SAF-SuperCharged4
(C4), differing by the length of the peptides: the C4 peptides
were four-heptads, or 28-residues long, while the C3 peptides
were shorter by one heptad. Using these design principles, we
aimed to follow on from our work on the SAF system,?*** to
further understand the phenomena of fiber thickening and order,
and to attempt to design thinner, more-flexible fibers.

Visualizing SAF-SuperCharged Fibers by Electron Micro-
scopy. Consistent with the design principles, when peptides C4A
and C4B were mixed and incubated at 20 °C overnight (in 10
mM MOPS, pH 7.5), fibers were observed using negative-stain
Transmission Electron Microscopy (TEM), Figures 1 C and D.
In contrast, the individual peptides gave only amorphous
aggregates (data not shown). The resulting C4A + C4B fibers
were 2 to 3 times thinner than the standard SAFs, Figures 1 A
and B, with average widths ~ 25 nm (24.7 = 4.9 nm; n = 113
measurements) compared with 43 £ 9.3 nm for the first-
generation SAFs, and 69 £ 18.5 nm for second-generation
SAFs.?° Assuming that the influence of the core coiled-coil
residues—i.e., those at a, d, e and g—is minimal, this suggests
that the charge distribution on the outer surface of component
coiled-coil fibrils is indeed a key feature in fiber thickening,?***
and that fiber width can be programmed either way (thicker or
thinner) within the peptide sequence.

Interestingly and in contrast to the standard SAFs, the C4A
+ C4B fibers were flexible, and appeared to lack internal order
as judged by the absence of the aforementioned striation patterns
in the stained TEM images (Figures 1B and D). Nonetheless,
individual fibers did interact with each other to form loose
bundles of two or three fibers (Figure 2C and D), and
interconnected into networks. As a result, though individual
fibers did not exceed 5 um, these intertwined structures were
10 — 15 pm in length. This behavior is more reminiscent of the
entangled polymers,® rather than the discrete rod-behavior
typically observed for the standard SAFs.

Fibers were also observed for the mixture of the shorter, C3A
and C3B, peptides (Figures 1E and F). These were shorter and

(36) Burkhard, P.; Meier, M.; Lustig, A. Protein Sci. 2000, 9, 2294-2301.

(37) Burkhard, P.; Ivaninskii, S.; Lustig, A. J. Mol. Biol. 2002, 318, 901—
910.

(38) Meier, M.; Lustig, A.; Aebi, U.; Burkhard, P. J.Struct. Biol. 2002,
137, 65-72.
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York, 2002; pp 90-91.
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Figure 3. Circular dichroism spectra of the SAF-pSC4 peptides. (A) Individual peptides and mixtures: 100 uM C4A (black broken line); 100 uM C4B (gray
broken line); C4A + C4B mixtures at 10 uM (gray solid line) and 100 M in each peptide (black solid line). (B) C4A + C4B mixtures: 10 uM in each
peptide and unperturbed (gray solid line); supernatant spun-down from a sample 100 4M in each peptide (black solid line); and 100 #M in each peptide and
incubated with 300 mM KCI (black broken line). (C) C4A + C4B mixture incubated with 300 mM KCI (broken line), and an untreated C4AK + C4BK

mixture (solid line); for these experiments all peptides were at 100 uM.

thinner than the C4A + C4B fibers (average length, 989 nm £
318 nm; width, 10.7 nm =+ 1.3 nm; n = 54). The tendency of
C3A+C3B fibers to interact and to form networks was also
increased (Figure 1E). Indeed, the shorter system in particular
is reminiscent of entangled fibrous networks formed by amy-
loidogenic peptides,**~** which are based on -sheet structures.
The fibers made from the shorter peptides showed an increased
tendency to be damaged by the electron beam, which made it
difficult to collect very high-magnification images. We propose
that this, together with the thinner fibers that the C3 peptides
form, is related to the less-extensive—and, therefore less
stabilizing—overhang in the designed sticky-ended dimers
compared with those for the longer C4 system.

Despite the apparent wrapping and entanglement of fibers,
neither SAF-pSC mixture formed gels at any concentration
tested. This suggests that the fibers do not branch, or otherwise
form noncovalently cross-linked networks.

The absence of striations, and therefore the apparent lack of
internal order in the supercharged SAFs compared with our
recently described second-generation fibers,>* is interesting and
noteworthy. Our contention is that this is consistent with our
design principles as follows. The second-generation fibers have
a relatively small number of charged residues on their outer
surfaces, which are otherwise alanine and glutamine rich.
Moreover, and compared with the first-generation SAFs, the
charged residues are paired and placed such that they can
potentially form a complementary, self-solvating, local, elelctro-
static networks within the matured fibers. By contrast the entire
surfaces of the SAF-pSC coiled coils have charged side chains.
We posit that: (1) this makes them difficult to completely
desolvate; therefore, we anticipate that the fibers formed are
internally wet and (2) that multiple, isoenergetic intercoiled-
coil interactions can be made within these fibers, compared with
the second-generations SAFs where more specific intercoiled-
coil interactions should be made. These increased possibilities
in the SAF-pSC system should not lead to thicker fibers,

(40) Lamm, M. S.; Rajagopal, K.; Schneider, J. P.; Pochan, D. J. J. Am.
Chem. Soc. 2005, 127, 16692—-16700.
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2005, 280, 2481-2490.
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C. M.; Barker, P. D. J. Am. Chem. Soc. 2006, 128, 2162-2163.

however, as thickening would increasingly incur the desolvation
penalty, and/or other penalties associated with removing water
from bulk.

Solution-Phase Characterization of SAF-pSC Mixtures. Cir-
cular dichroism (CD) spectroscopy is usually the technique of
choice to study the folding of peptides into o-helical structures.
Indeed, the CD spectra of SAF-pSC3 and SAF-pSC4 mixtures
were typical of o-helices, as characterized by double minima
at 208 and 222 nm (Figure 3). Nonetheless, this was curious as
all other SAFs—as well helical fibers presented by others—show
distorted o-helical spectra in which signals are attenuated,
particularly the 208 nm signal, and red-shifted.® These are the
hallmarks of light scattering associated with large and sometimes
chiral assemblies in solution. This suggested subtly different
assemblies in the SAF-pSC systems compared with the previous
generations. Possibilities are that the thinner fibers simply do
not scatter as much light, or that both the individual peptides
and the mixtures fold to o-helical structures of some type. To
test these two possibilities, the CD spectra of the individual
peptides and mixtures were recorded under different conditions
as follows.

First, under similar conditions used to study the C4A + C4B
mixture, the individual SAF-pSC4 peptides, C4A and C4B, were
also folded as a-helices with percentage a-helix calculated from
the molar ellipticity values at 222 nm of ~60% and ~50%,
respectively (Figure 3A). This autonomous folding probably
reflects the high helix propensities of the peptides; their potential
to form coiled-coil oligomers, despite these being noncognate
(not designed) homo-oligomers; and the large number of
potential i, i + 3 and i, i + 4 intrahelical salt bridges within the
sequences. Again, both spectra were typical of a-helices (albeit
partially folded), with no indication of [3-sheet. Furthermore,
C4A alone was found to be more helical than the SAF-pSC4
mixture (Figure 3A), suggesting that peptide assembly and/or
the subsequent fiber growth resulted in a loss of CD signal.
This led us to study the CD signal of peptide mixtures under
(nonpermissive) conditions that did not lead to fiber growth as
judged by TEM: namely, concentrations below 50 #M in each
peptide, or salt concentrations above 50 mM KCI.

[n.b. A range of salt concentrations was explored from 0.5
to 500 mM KCI. Fibers were only observed by negative-stain
TEM at 50 mM KCIl or below. Under these permissive
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conditions fiber morphology (thickness and length) did not
change appreciably within the experimental ranges given above.
Though high, 300 mM KCIl was used in the experiments
described below because (1) fibers did not form, and (2) the
CD signals for the individual and mixed peptides showed
plateaus at this concentration.]

First of all, a nonpermissive, 10 uM mixture of SAF-pSC4
peptides showed a larger a-helical content than the more-
concentrated, fiber-producing mixtures (Figure 3B). This indi-
cated that fiber growth, but not the coiled-coil assembly, was
responsible for the loss of signal described above and is
consistent with previous CD data on the SAF systems. To
investigate this further, a C4A + C4B fiber-containing mixture
(at 100 uM in each peptide) was spun down by centrifugation,
and a CD spectrum of the supernatant measured and normalized
against the measured peptide concentration, which was found
to be close to a third of the initial peptide concentration (~60
uM total peptide). The molar ellipticity of this supernatant was
similar to that for an unperturbed, nonpermissive mixture of
C4A + C4B (10 uM in each peptide) (Figure 3B).

These experiments demonstrate that peptides incorporated into
grown fibers are not soluble and do not contribute fully to the
CD signal, hence, the apparent drop in signal upon fiber
formation. As a result, we conclude that, in the case of the SAF-
pSC system at least, the CD signal does not report on the
peptides incorporated in the fibers, but on smaller assemblies
that are found in the supernatant of the spun-down fiber
preparations. This latter point and the secondary structure of
the peptides incorporated into fibers are addressed in the next
two sections.

Before leaving this section, we are aware that the CD data
for the SAF-pSC and standard SAF systems are possibly in
conflict. Though, we note that the loss of signal observed for
the SAF-pSC mixtures could be attributed to partial attenuation
of the CD signal akin to that observed for the standard SAFs.
More likely, however, the behavior is related to the ability shown
by the SAF-pSC fibers to bundle into large networks that are
more particulate than soluble proteins. In such heterogeneous
systems artifacts can arise in CD spectra from the effects of
differential light scattering and absorption flattening. By contrast,
the standard SAFs form discrete rigid rods that do not appear
to interact in solution or to form networks. In addition, the
individual standard SAF peptides are much less folded than
the individual SAF-pSC peptides and contribute much less to
the solution-phase CD signal.’

Oligomerization of the SAF-pSC Peptides by Analytical
Ultracentrifugation. To investigate the solution-phase assembly
of the SAF-pSC peptides further, we turned to analytical
ultracentrifugation (AUC).

First, as shown in Figure 4, data were recorded at a rotor
speed of 3000 rpm. At this speed only very large assemblies
sediment, and small oligomers of peptides of the mass of the
SAF peptides do not. The sums of the traces for the individual
peptides, which serve as controls, are superimposed on those
for the experimental mixtures. Comparison of the traces for the
individual peptides and fiber-forming mixtures of C4A and C4B
(100 uM 1in each peptide and without salt) indicated a loss of
approximately two-thirds of the peptide from solution, and a
build up of aggregated material at large radii, Figure 4A. These
data are fully consistent with the aforementioned CD analysis
of the permissive C4 mixtures. In comparison, the data for C4A
+ C4B with 300 mM KCIl—which is nonpermissive for fibers
as judged by TEM—showed only a third of the signal is lost,
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Figure 4. Low speed Analytical Ultracentrifugation of the SAF-pSC-4 and
SAF-pSC-4K peptides (3000 rpm). (A) Average of 100 uM C4A and 100
uM C4B (gray line), 100 uM C4A + 100 uM C4B mixture (black line).
(B) Average of 100 uM C4A and 100 uM C4B with 300 mM KCl (gray
line), 100 uM C4A + 100 uM C4B mixture with 300 mM KCI (black
line). (C) Average of 100 uM C4AK and 100 uM C4BK (gray line), 100
uM C4AK + 100 uM C4BK mixture (black line). Traces were aligned
using the outer meniscus’s.

and less signal from aggregated material at the bottom of the
cell, Figure 4B.

To probe the oligomer states of the o-helical species that
remained in solution further, we ran a series of conventional
equilibrium AUC experiments at high rotor speeds, at which
small LZ oligomers are known to sediment. For example, Figure
5 shows traces for the individual peptides and mixtures at a
speed of 53000 rpm. These data indicate that for all samples
the soluble peptides formed mixtures of small oligomers. The
masses of C4A, C4B, the theoretical heterodimer and an
averaged trimer are 3757, 3838, 7595 and 11392 Da, respec-
tively. Without salt the global single ideal species fits to the
data for C4A, C4B and the mixture were found to be 4458,
6391 and 8256 Da, respectively, Figure 5A. With 300 mM salt
these increased to 6768, 8075 and 8510 Da, respectively, Figure
5B. This analysis indicates that the individual C4A and C4B
peptides show varying propensities to self-associate into small
oligomers, but not larger structures; and, for the mixtures, the
peptides remaining in solution after fiber formation also form
small oligomers. The apparent increase in solution-phase
molecular weight with salt presumably reflects (1) a reduction
in the electrostatic repulsion between peptides through additional
screening of charge, and/or (2) an increase in the hydrophobic
effect. Given the likely heterogeneity in these samples from the
various associated states possible, we chose not to fit the AUC
data to more-elaborate models for self-associating systems;
besides, judging by the residuals, Figure 5, the fits to single
ideal species were good, albeit for nonstoichiometric oligomers.

Structure in the Sedimented Fibers by ATR-FTIR. Taken
together, the TEM, CD and AUC data show that while the SAF-
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Figure 5. High-speed analytical ultracentrifugation of the SAF-pSC-4 and SAF-pSC-4K peptides (53000 rpm) with residuals from the single ideal species
fit. (A) SAF-pSC-4 samples without KCI: 100 uM C4A (+), 100 uM C4B (O), 100 uM C4A + 100 uM C4B mixture (x), theoretical average monomer
(solid line), theoretical average dimer (dashed line), theoretical average trimer (dotted line). (B) SAF-pSC-4 samples with 300 mM KCI. 100 uM C4A (+),
100 uM C4B (O), 100 uM C4A + 100 uM C4B mixture (x ), theoretical average monomer (solid line), theoretical average dimer (dashed line), theoretical
average trimer (dotted line). (C) SAF-pSC-4K samples with no salt. 100 uM C4AK (+), 100 uM C4BK (O), 100 uM C4AK + 100 uM C4BK mixture (x),
theoretical average monomer (solid line), theoretical average dimer (dashed line), theoretical average trimer (dotted line).

pSC4 peptides have a strong tendency to combine to form helical
oligomers in solution, these only propagate fibers in low salt
and above a critical concentration in the 50 — 80 uM range, as
judged by the observation of fibers by TEM over a range of
peptide concentrations. A remaining question is, what is the
dominant secondary structure in the sedimented fibrous form
of the SAF-pSC mixtures? To be sure that the SAF-pSC systems
were o-helical as designed, we used ATR-FTIR to probe the
secondary structure of the SAF-pSC3 and SAF-pSC4 mixtures.
Fiber preparations were spun-down and the fiber-containing
pellets analyzed. ATR-FTIR spectra for fibers from both
mixtures showed bands in the amide I and amide II regions
typical of o-helices (Figure 6A);**** specifically, the main
component was close to 1650 cm ™. Furthermore, the signal in
the amide I region—a broad peak with 3—5 components—indicated
coiled-coil assemblies (Figure 6B).*> Moreover, the component
at 1630 cm™ ', which can be confused with a strong peak
centered at 1620 cm™ ' typical of B-strands, was not a significant
component in the SAF-pSC data. These data strongly support
a-helical coiled-coil formation by the SAF-pSC systems,
consistent with foregoing SAF designs and characterization
using multiple techniques.’>*

Probing the Electrostatic Interaction Network. The TEM,
CD, and AUC experiments of the SAF-pSC systems in
salt—which show that salt disrupts fiber assembly—lends strong
support to the hypothesis that intercoiled-coil salt bridges do
contribute to fiber formation. However, the resulting fibers are
thinner and more flexible than the foregoing SAF designs,
indicating the competing effect of surface solubility. These
observations are all consistent with the design hypothesis, though
the SAF-pSC designs have not achieved the potential limit of
single coiled-coil fibrils, which would have diameters of ~2
nm. To probe the nature of the electrostatic interactions in both
the soluble helical assemblies and the fibers further, we replaced
all of the arginine residues in the C3 and C4 peptides with lysine.
Here the aim was to test whether arginine exclusively promoted
multiple electrostatic interactions and intercoiled-coil interactions
better than lysine: in principle, the arginine-to-lysine mutations

(43) Krimm, S.; Bandekar, J. Adv. Protein Chem. 1986, 38, 181-364.

(44) Tamm, L. K.; Tatulian, S. A. Q. Rev. Biophys. 1997, 30, 365-429.

(45) Heimburg, T.; Schunemann, J.; Weber, K.; Geisler, N. Biochemistry
1999, 38, 12727-12734.

should reduce the salt-bridge and hydrogen-bonding potential
of the basic side chains of the peptides, as lysine has only a
primary amine moiety, whereas arginine has a guanidino group
that can potentially form multiple interactions.*¢=>°

The resulting pairs of peptides were named C3AK and C3BK
and C4AK and C4BK, Table 1. Interestingly, neither of the
arginine-to-lysine mutant systems formed fibers at 5 or 20 °C
under our standard conditions as judged by TEM; and neither
did hybrid mixtures (for example, C4A + C4BK). Nonetheless,
like the individual and mixtures of the arginine-based peptides,
the lysine variants all showed typically a-helical CD spectra.
Moreover, the spectrum for the C4AK+C4BK mixture matched
that for the parent c4a + c4b mixture recorded in 300 mM salt
(i.e., where fibers were not observed), Figure 3C. Similarly, the
low-speed AUC experiment, Figure 4C, showed no loss in signal
upon mixing C4AK and C4BK, indicating that there were no
large aggregates present in this system. Finally, in the high-
speed equilibrium-sedimentation experiments, Figure 5C, single
ideal species fits to the data sets for C4AK, C4BK, and the
mixture returned masses of 3844, 4599, and 8635 Da, respec-
tively. In comparison, the calculated masses of C4AK, C4BK,
and the theoretical heterodimer and averaged trimer are 3533,
3530, 7063, and 10594 Da, respectively. Therefore, while the
individual peptides associate to some degree, the mixtures
associate to a species close to, but slightly heavier than, a dimer.

In summary for this section, while the lysine-based peptides
are competent for helical folding and association to extents
comparable to thaose observed for the parent, arginine-contain-
ing peptides, they do not form fibers under any of the conditions
tested. This emphasizes the prominent role played by arginine
in intercoiled-coil interactions, presumably through multidentate

(46) Musafia, B.; Buchner, V.; Arad, D. J. Mol. Biol. 1995, 254, 761-770.

(47) Kumar, S.; Nussinov, R. Biophys. J. 2002, 83, 1595-1612.
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Figure 6. ATR-FTIR spectra of the SAF-pSC binary systems. (A) Second
derivatives showing the typical a-helical associated peaks, 1640 and 1660
cm~ ' (amide I band) and 1540-1550 cm ™' (amide II). (B) Amide I region
fitted with multicomponent models, composed of peaks centered at 1631,
1649, 1691, and 1718 cm™! for C4A + C4B; 1628, 1651, and 1679 cm ™!
for C3A + C3B. Key: C4A + C4B (solid line), and C3A + C3B (broken
line).

salt-bridged networks that operate at both the intra- and
intercoiled-coil levels.

Conclusion

In summary, we have constructed four pairs of peptides that
combine previously described principles for the design of sticky
ended leucine zippers (LZs), which foster fibrillogenesis to long
o-helical coiled coils, with the straightforward idea of covering
the outer faces of the coiled coils with charged side chains. The
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aim was to improve the solvation of the fibers, and thus limit
their maturation and thickening into stiff rods. This yields fibers
that are considerably thinner (down to ~10 nm in diameter)
than those of foregoing designs. Interestingly, the thinned fibers
are also more flexible than previously described fibers. As a
result, the new fibers entwine and wrap around each other—
although they do not gel at the concentrations examined (<200
uM peptide)—whereas previous designs form stiff rods with very
long persistence lengths. In order to accommodate the super-
charged surfaces, basic and acidic residues were combined along
the outer faces of the coiled coils in i, i+3 and i, i+4
arrangements compatible with o-helical geometry. This brings
another property to the system: all of the peptides, both
individually and when mixed, tend to fold to a-helical structures
even under conditions that do not lead to full fibrillogenesis.
Furthermore, these soluble helical assemblies are associated into
small aggregates, which are probably mixtures of monomers,
dimers, and trimers. These properties of the soluble peptides
probably reflect the strong propensities of the designed se-
quences to form o-helical LZs. We note that this presents
possibilities for studying the early events in peptide fibrillo-
genesis, which will be explored elsewhere. Finally, we observe
that full assembly into fibers is only achieved in this system by
using ariginine as the basic residue and not lysine. Presumably,
and consistent with other systems,50 this reflects the need to
make both intrahelical and intercoiled-coil interactions in fibers,
Figure 2. With lysine, the options are limited, but arginine allows
both types of interaction to be made at each basic side chain.
The importance of intercoiled-coil—salt-bridge interactions is
also reflected in the disruption of fiber formation by salt, which
does not affect the a-helical folding of the peptides.

In conclusion, this work demonstrates further the ability to
program the sequences of fiber-forming peptides to alter the
size, shape, and stiffness of the resulting fibers. In this case,
we covered the outer faces of long, coiled coils fully with
charged residues to reduce previously observed fiber thickening
and stiffening. We posit that such “smears of mixed charge
(anionic plus cationic)”, as opposed to “discrete charged patches
(anioinic or cationic)” described previously,?*** allow better
solvation of the coiled-coil fibrils, which leads to less bundling
and, thence, less order and stiffening. This work provides
another step toward the rational design of peptide-based fibrous
biomaterials from the bottom up; specifically, toward the goal
of making fibers, matrices, and networks of tailored dimensions
and morphology, and with prescribed physical properties.
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